series resistance of the devices, thus enabling almost complete sunlight capture and conversion in very thin solid films.
Introduction
Alkylammonium metal trihalide perovskite absorbers first employed in working photovoltaic devices were based on liquid electrolyte sensitized solar cells. Introduced by Kojima et al., they exhibited a starting point power conversion efficiency of 3.8% with further work quickly extending it to over 6%. [1] It wasn't until a solid-state configuration was employed, however, that high device efficiencies were achieved. [2] Initial results were reported at 9% for perovskite sensitized titania-based devices, [2b] and further improvements were simultaneously achieved in a "meso-superstructured" configuration by replacing the mesoporous TiO2 scaffold with an electronically inactive mesoporous Al2O3 layer, exhibiting device efficiencies of over 12%. [2c, 3] Some of the key advantages for this material system over other competing device concepts are that they are compatible with solution-processing techniques and can be fully processed at low temperatures, enabling their use in flexible device applications. [4] Recently, Burschka et al. have demonstrated a method whereby an initial PbI2 film is deposited over a mesoporous TiO2 structure, which is then fully converted into the methylammonium lead triiodide (MAPbI3) perovskite via a second step. [5] The lead iodide coated substrates are immersed in a methylammonium iodide (MAI) solution in isopropanol for a short time (< 1min), resulting in the conversion of PbI2 into the perovskite phase. The resulting films are coated with the hole transporter 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-MeOTAD) and a metal cathode, resulting in solar cells which approach the 15% benchmark. [6] Recently, this fabrication method was extended for planar heterojunction based devices by Liu et al. where a planar PbI2 film was deposited over a ZnO blocking layer, and was then converted into the MAPbI3 perovskite in a second step. [7] This resulted in perovskite crystal sizes ranging from 100 to 1000 nm and an average thickness of ~300 nm. The resulting device performance of 15.7% is currently the highest performance achieved for perovskite solar cells, pointing towards planar heterojunction devices as a promising device architecture for further technological improvements.
The short circuit currents demonstrated for the devices prepared by Liu and coworkers of 20.4 mAcm -2 , [7] while high, are still short of the maximum current of over 22 mAcm -2 reasonably achievable, taking into account other light capture losses for this material. [3a] A crucial limitation in this respect is the low diffusion length of the photoexcited species in the MAPbI3 perovskite of around ~100 nm. [8] This parameter can be greatly extended with the inclusion of chloride in the precursor solution to over 1 µm. [8a, 9] Furthermore, it has been recently shown that the inclusion of chloride is also beneficial for charge transport in the photoactive layer. [10] It is expected thus that the inclusion of chloride should result in improved short circuit currents and thus overall photovoltaic performance. It is worth noting here that for devices incorporating mesoporous TiO2 photoanodes, the neat triiodide perovskite functions efficiently without the need for the extended diffusion length of the photoexcited species. [11] This is a result of the interpenetrated nature of the collection photoanode, which exhibits pore sizes in the order of tens of nanometers, which in effect reduces the distance electrons must travel to this magnitude before being collected. In the case of planar heterojunctions, electrons must travel the whole thickness of the film, which can sometimes exceed hundreds of nanometers and thus extended diffusion lengths are a requirement for efficient operation.
Here we present planar, fully solution-processed heterojunction solar cells based on the solution deposition-conversion technique. We highlight the criticality of chloride in MA lead halide perovskites via a controlled addition of methylammonium chloride (MACl) to the MAI immersion solution. The resulting devices exhibited power conversion efficiencies approaching 15%, and more importantly, showed short circuit currents of over 22 mAcm -2 , representing a gain of over 10% over state-of-the-art devices. [7] The parameter most influenced by the presence of chloride is the photoluminescence lifetime of the photoexcited species in the device, which reaches values exceeding 300 ns, matching previously reported results for the solution processed mixed halide perovskite films. [8a] Additionally, a reduction of series resistance from 14 to 7 Ωcm 2 was also observed.
Results and Discussion
The solar cells developed in this work are composed of a TiO2/Perovskite/Spiro-MeOTAD planar heterojunction, deposited on an FTO electrode and capped with a gold electrode (Figure 1) . The perovskite deposition was performed in two steps: firstly, a ~200 nm PbI2 film was deposited via spincoating, followed by full conversion into the MAPbI3-xClx Figure 2c and 2d we can see that the layer is smooth and covers 100% of the TiO2-coated FTO glass substrate. After immersion, we can clearly observe the formation of the perovskite crystals, as shown in Figure 2g , with a mixture of crystal sizes ranging from approximately 100 to almost 600 nm in length. As can be seen in the low magnification image in Figure 2h , the surface coverage is approximately 100%.
To assess the impact of chloride addition on the structure, the films were analyzed via powder XRD after removal from the substrate. The perovskite films presented here are phase pure, crystallized in the expected tetragonal I4/mcm space group. [12] No impurities were found, in contrast with other solution-deposition methods that usually exhibit a small fraction of crystalline PbI2 and MAPbCl3 (Figures S1-3) . [2c, 13] However, the change of the lattice parameters, attributed to the presence of chloride, reported for perovskites formed within mesoporous scaffolds was not observed for the system presented here. [13] Moreover, samples of MAPbI3-xClx perovskite prepared according to the established protocol in previous studies (spin-coating from a mixture of MAI/PbCl2) also did not show a significant change of lattice parameters. [8a] A similar result was found for films grown within mesoporous Al2O3 templates ( Figure S2 ). This suggests that the vast majority of the chloride ions present in the precursor solution are not incorporated in the final structure. The chloride content in the structure was under the detection limit of both EDX and EELS and could not be quantified ( Figures S4-5 ). MACl concentration is exceeded, the devices start exhibiting both lower short circuit currents and lower voltages. This is very likely due to the observed morphology changes of the films, which exhibit average crystal sizes exceeding those of the neat triiodide by approximately 50% ( Figures S6-7) , and the appearance of a larger number of gaps between the crystals. [8a] Additionally, we quantified the series resistance present in the devices (see inset of Figure 3a) and observe a decrease from 14 ± 1 to 7 ± 1 Ωcm 2 , upon addition of chloride. This clearly accounts for the improvement of the fill factor measured, and is consistent with previous observations of mixed halide perovskites. [10] The neat MAPbI3 solar cells presented here perform significantly worse than state-of-the-art devices presented by Liu and coworkers. [7] This is very likely due to the larger grain size present in our films, as well as the use of a TiO2 blocking layer, which increases series resistance and does not collect charge as efficiently at higher biases. However, the important parameter in terms of this work, short circuit current, is comparable between the two studies and thus represents a valid platform to compare neat and mixed halide perovskite solar cells.
The measured short circuit currents are consistent with those estimated from light absorption measurements inside an integrating sphere ( Figure S10 ). We also find that increasing the MACl content in the immersion solution improves light absorption at the bandgap edge due to the marginally higher scattering of these films. However, there is little room for improvement in this regard for the devices prepared here, as only an extra ~5% photocurrent could be gained if 100% of the incoming light were to be absorbed. All the additional losses in overall light harvesting arise from parasitic absorption in the FTO and reflection at the glass/air and glass/FTO interfaces. If no losses were present in the system, a maximum short circuit current of 27.15 mAcm -2 could be achieved. Both films fabricated from mixed halide or neat MAI absorb light similarly, however, neat MA lead triiodide films exhibit a 10% lower short circuit photocurrent.
In order to understand this difference, we have performed time-resolved photoluminescence measurements, shown in Figure 4 , and the resulting decay parameters are summarized in Table 1 . For the excitation intensity used, the PL is expected to arise mostly from recombination of free charges, as the exciton binding strength for this system is relatively low (Eb ~ 40 meV). [14] For all samples measured, we observe clearly biexponential decay dynamics, which may be a result of the widely varying crystal sizes present in the films, ranging from very small crystals of around 100 nm to some that approach the micron scale.
Neat MA lead triiodide films exhibit lifetimes for the fast component of approximately 18 ns and a slow component of ~55 ns (Table 1) . We note that these decay dynamics are several factors slower than those measured previously for the same triiodide system deposited via spincoating, [8] even for the fast component measured in the devices presented in this work.
Additionally, we note that previous measurements on the PL lifetimes for pure triiodide films were performed on films consisting of very small crystals in the range of tens to a hundred nanometers. [8] We can clearly see that the addition of chloride has a dramatic effect on the dynamics of the photogenerated species, where long lifetime values of over 300 ns were found for films immersed in a solution mixture exceeding 5 wt% of MACl, consistent with recent results for mixed halide perovskites. [8a] Increasing the concentration of MACl beyond this point does not result in longer lifetimes, consistent with previous calculations which predict that only a very small fraction of the chloride ions can in fact be incorporated in the structure. [13] The differences in PL lifetime may account for the observed losses in short circuit photocurrent. Diffusion lengths could not be calculated for the presented films since the roughness of the perovskite film prevents a reasonable estimation using previously-employed techniques. [8, 15] previously, [8b] is not sufficiently long for the films presented in this work, where a large fraction of the crystals clearly exceed this thickness ( Figure S8 ). Moreover, to achieve close to 100% charge collection, the diffusion length must approach 3 times the film thickness. [16] Thus, we can account for our photocurrent losses in samples that have not been prepared with chloride.
Conclusions
We have demonstrated that the short circuit current of solution-processed planar heterojunction solar cells can be improved via the addition of chloride in the immersion solution, overtaking those exhibited by current state-of-the-art devices. We have shown that planar PbI2 films can be fully converted within 5 minutes to the MAPbI3-xClx perovskite structure by immersion in a heated solution mixture of MAI and MACl. We find that the addition of chloride critically impacts the lifetime of photoexcited species in the active material, increases light absorption at the bandgap edge and reduces the device series resistance, enabling almost complete sunlight capture in 400 nm thick films. It is worth noting here that the diffusion length of photoexcited species of the neat triiodide perovskite prepared via the deposition-conversion technique is roughly 200 nm; longer than estimated for films deposited via other methods. For this reason, films prepared in this way perform well in comparison to previous reports of solution processed MAPbI3 planar heterojunction devices. [8, 17] This indicates that the photovoltaic properties of the material are highly sensitive to the method of film formation and crystallization.
Experimental Section
Preparation of the Methylammonium salts: Methylammoniumiodide was prepared following a recipe published earlier. [2c] In short, 24 mL of methylamine solution (33 % in ethanol) was diluted with 100 mL of absolute ethanol. To this solution, a 10 mL aqueous solution of hydriodic acid (57 wt%) was added under constant stirring. After a reaction time of one hour at room temperature, the solvents were removed by rotary evaporation. The obtained white solid was washed with dry diethyl ether and finally recrystallized from ethanol.
To prepare the hydrochloride salt of methylamine, the hydriodic acid solution was replaced by 15 mL of concentrated hydrochloric acid (37 % in water). The purification procedure was the same as described above.
Solar cell preparation:
Fluorine doped tin oxide (FTO) coated glass sheets (7 Ω/□, Pilkington) were etched with zinc powder and HCl (2 M) to obtain the required electrode pattern. The sheets were then washed with soap (2% Hellmanex in water), de-ionized water, acetone, and methanol and finally treated under oxygen plasma for 5 minutes to remove the last traces of organic residues. The substrates were then coated with a sol-gel derived TiO2
layer, prepared as previously described and calcined at 500 °C in air to achieve full anatase crystallization. [3a] A 27. A ~200 nm layer of lead iodide was deposited via spincoating from a 1 M PbI2 solution in N,N-Dimethylformamide (DMF) at 3000 rpm for 15 s. To achieve optimum performance, it was critical to ensure that both the substrate and precursor solution temperature when starting the spincoater is between 60 and 65 °C. The spincoating was performed dynamically (i.e. the solution was added while the substrate was spinning) with a total 100 µL of solution, without allowing the substrates or solution to cool.
The stock immersion solutions were prepared by dissolving 10 mg/mL methylammonium iodide or methylammonium chloride in dry isopropanol, the latter with heating to 60 °C. For mixing the desired concentrations, these stock solutions were combined in the desired ratio. humidity.
PL sample preparation:
For the preparation of the PL samples glass slides were used instead of FTO substrates. The PbI2 deposition and immersion procedure in the MA salt solutions was the same as described above. We note that exposure of the glass slides to oxygen plasma was essential in order to achieve optically smooth films. After drying of the converted films in a nitrogen stream, they were covered with a poly(methyl methacrylate) (PMMA) layer to prevent degradation by ambient moisture. For this purpose, a solution of PMMA (10 mg/mL) was dissolved in 1 mL of chlorobenzene and spincoated at 1000 rpm for 45 seconds.
Characterization details: Solar simulated AM 1.5 sunlight was generated with an ABET class AAB solar simulator calibrated to give 102 mWcm -2 using an NREL calibrated KG5 filtered silicon reference cell. The spectral mismatch factor was calculated to be 2%. The JV curves were recorded with a Keithley 2400. The active area of the solar cells was defined with a metal aperture mask of about 0.08 cm 2 .
Steady-state absorption spectra were acquired with a Varian Cary 300 UV/Vis spectrophotometer using an integrating sphere. The films were measured in a one-pass configuration, so in order to account for the highly reflective nature of the metal cathode, the optical densities were doubled as a first approximation. The FTO absorption was quantified as previously, [3a] where transmittance and reflectance were measured for the glass/FTO/air system in an integrating sphere.
Incident Photon to Charge Carrier Efficiency (IPCE) spectra were obtained using a Fourier transform photocurrent spectrometer, incorporating a Fourier transform spectrometer (Vertex 80v, Bruker), current preamplifier (SR570, Stanford Research Instruments) and custom-built control electronics and software. The spectrometer was configured with a tungsten-halogen light source and CaF2 beam splitter. Photocurrent was recorded from short-circuited devices following the application of 2 V forward bias. The spectra were calibrated against measurements taken with the same system on a reference silicon photodiode with a known IPCE spectrum. The solar cells and reference diode were masked with a metal aperture to define the active area of ~0.0625 cm 2 .
Time-resolved PL measurements were acquired using a time correlated single photon counting (TCSPC) setup (FluoTime 300, PicoQuant GmbH). The samples were photoexcited using a 507 nm laser head (LDH-P-C-510, PicoQuant GmbH) pulsed at 500 kHz, with a pulse duration of 117 ps and fluence of ~300 nJcm -2 /pulse. The samples were exposed to the pulsed light source set at 3 μJcm -2 /pulse fluence for ~10 minutes prior to measurement to ensure stable sample emission. The PL was collected using a high resolution monochromator and hybrid photomultiplier detector assembly (PMA Hybrid 40, PicoQuant GmbH).
Scanning electron microscopy (SEM) images were obtained using a Hitachi S-4300 microscope.
Field Code Changed
Energy dispersive X-ray (EDX) spectra were acquired with an EDAX Si(Li) detector. The spectrum shown in Figure S4 was acquired over 32 min at a dwell time of 102.4 µs and 5 eV/channel.
EEL spectra were recorded with a post column filter (Gatan Tridiem 863 P) at a dispersion of 0.2 eV in diffraction mode (camera length 102 mm). . A spectral mismatch factor of 1.02 was calculated for the devices prepared in this study, resulting in an equivalent 104 mWcm -2 irradiation intensity. [18] b . Time-resolved PL decay plots of MA lead mixed halide perovskite systems for a range of wt% MACl concentrations in the immersion solutions. The excitation wavelength was chosen at 507 nm, the laser head was pulsed at 500 kHz with an excitation fluence of 0.3 μJcm -2 /pulse, and the resulting PL was measured at 778 nm. Figure 4 .
Supporting Information
Solution-deposited-converted perovskite solar cells: PbI2 planar films were converted into the phase pure, mixed halide perovskite (H3CNH3)PbI3-xClx (see picture) for the first time, exhibiting record-breaking photovoltaic performance and close to unity internal incident photon to electron conversion. and c=12.66, as determined by powder XRD, this allows for a 0kl indexing of the reciprocal plane visible in the electron diffraction pattern. The observed reflection condition 0kl: k, l=2n supports the choice of the space group I4/mcm. Figure S4 . EDX spectrum of MAPbI3-xClx. The spectrum mainly shows Pb, I, C and Cu. The Cu-peaks and a major part of C-signal are due to the sample substrate, a carbon film coated copper grid. A possible Cl signal at 2.6 keV from Cl-K is overlapping with Pb M1. The peak fit for the Pb-M lines does not leave any significant intensity to be attributed to the ClKline. This means that the Cl concentration is below the detection limit of the setup. All measurements were taken with an integrating sphere. The optical densities obtained were doubled as a first approximation to account for the 2 passes of light due to the presence of the highly reflective metal electrode. The maximum short circuit current (max Jsc) was estimated by integrating the solar spectrum with the absorptance values after subtracting the device reflectance and contributions from the FTO electrode. The values were corrected for a spectral mismatch of 1.02 and solar simulator lamp power of 102 mWcm -2 (denoted as max Jsc corrected) for direct comparison with the JV curves presented in Figure 3 . Figure S11 . UV-Vis absorbance spectrum of the used spiro compound on glass.
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